A B S T R A C T Peroxidative decomposition of cellular membrane lipids is a postulated mechanism of hepatocellular injury in parenchymal iron overload. In the present study, we looked for direct evidence of lipid peroxidation in vivo (as measured by lipid-conjugated diene formation in hepatic organelle membranes) from rats with experimental chronic iron overload. Both parenteral ferric nitrilotriacetate (FeNTA) administration and dietary supplementation with carbonyl iron were used to produce chronic iron overload. Biochemical and histologic evaluation of liver tissue confirmed moderate increases in hepatic storage iron. FeNTA administration produced excessive iron deposition throughout the hepatic lobule in both hepatocytes and Kupffer cells, whereas dietary carbonyl iron supplementation produced greater hepatic iron overload in a periportal distribution with iron deposition predominantly in hepatocytes. Evidence for mitochondrial lipid peroxidation in vivo was demonstrated at all three mean hepatic iron concentrations studied (1,197,3,231, and 4,216 ,g Fe/g) in both models of experimental chronic iron overload. In contrast, increased conjugated diene formation was detected in microsomal lipids only at the higher liver iron concentration (4,161 ug Fe/g) achieved by dietary carbonyl iron supplementation. When iron as either FeNTA or ferritin was added in vitro to normal liver homogenates before lipid extraction, no conjugated diene formation was observed. We conclude that the presence of conjugated dienes in the subcellular frac-INTRODUCTION Excess iron deposited chronically in hepatic parenchymal cells is associated with hepatic injury, fibrosis, and ultimately cirrhosis (1) . These pathological changes occur in both hereditary hemochromatosis and in the various forms of secondary hemochromatosis. Despite clinical evidence for the toxicity of excess hepatocellular iron (2) (3) (4) (5) , the role of iron in the pathogenesis of liver injury has not been established experimentally (6) .
Currently, the two favored hypotheses for the mechanism of hepatocellular injury in chronic iron overload are (a) peroxidative damage to the lipid membranes of cellular organelles resulting in structural and functional alterations in cell integrity (1, 6, 7) and (b) lysosomal fragility resulting in the release of cell-damaging hydrolytic enzymes (1, (8) (9) (10) . These are not mutually exclusive theories as lipid peroxidation may mediate the loss of lysosomal membrane integrity. Although ionic iron (Fe2+, Fe3+) in vitro can initiate lipid peroxidation in isolated hepatocellular organelles (11) (12) (13) (14) (15) (16) (17) (18) , evidence that chronic iron overload results in hepatic lipid peroxidation in vivo has been limited to two reports in which increased malonic dialdehyde (MDA)l was demonstrated in liver of rats that had received parenteral iron dextran (19, 20 Preparation of hepatic mitochondrial fraction. Experimental and control rats from each group were treated identically as above except that the homogenizing solution was 0.25 M sucrose, 0.003 M EDTA, pH 7.4. After coarse slicing, 4 g of liver was used to make a 10% (wt/vol) whole liver homogenate with a Teflon-glass Potter-Elvehjem homogenizer. This homogenate was centrifuged at 600 g for 10 min (0-4°C) in an HS-4 rotor in a Sorvall RC-2 centrifuge. The mitochondrial fraction was prepared by centrifugation of the postnuclear supernatant at 4,800 g for 13 min (0-4°C). The second sample of liver was divided for light microscopy, electron microscopy, and quantitative nonheme iron determination.
Previous experiments in this laboratory have indicated that with the centrifugal force conditions used above in normal liver, the isolated microsomal pellet contains 75% of the microsomes and <5% of the mitochondria, whereas the isolated mitochondrial pellet contains 95% of the mitochondria and <20% of the microsomes present in the initial whole liver homogenate.
Determination of lipid peroxidation in vivo. The sedimented microsomal and mitochondrial fractions from treated and control rats were assayed for the presence of lipid-conjugated dienes according to the method of Recknagel and Ghoshal (23) . Lipids were extracted from the respective subcellular pellets with chloroform/methanol (2:1) according to the method described by Folch et al. (24) with the modification of Bligh and Dyer (25) . The lipid in chloroform was dried under a stream of oxygen-free nitrogen. The chloroform-free lipid was then redissolved in cyclohexane (1.5 ml, spectrophotometric grade) and absorbance from 220 to 275 nm was recorded against a cyclohexane blank with a Gilford 250 split-beam spectrophotometer (Gilford Instrument Laboratories Inc., Oberlin, OH). During UV (ultraviolet) spectral analysis, the concentration of lipid in cyclohexane was -1 mg/ml. After the UV measurements 250-#l aliquots from each sample were assayed for total lipid content by the method described by Chiang et al. (26) . All absorbance measurements were then normalized to a uniform denominator of 1 mg lipid/ml of cyclohexane. Estimation of lipid peroxidation depends on determination of the mean difference spectrum from 220 to 275 nm between lipids from treated animals and lipids from control animals (21) . Results are presented both as the UV spectra from treated and control animals with the resultant mean difference spectrum (Fig.  4) , and as the difference in absorbance at 230 nm/mg of lipid of the treated animals compared with the respective controls (Tables I and II) .
Additions of iron to whole liver homogenates in vitro. EDTA was added to the homogenization medium to chelate any ionic iron that may be present during the homogenization or centrifugation procedures thereby preventing ironinduced lipid peroxidation from occurring in vitro after death. To Table I ). FeNTA was prepared fresh at 5°C with a 2:1 molar excess of NTA. An equivalent volume of NTA alone was added to normal homogenates used as controls. These additions are summarized in Table III. After adding either ferritin, saline, FeNTA, or NTA, the homogenates were thoroughly mixed and the subcellular fractions were prepared as previously described. The lipids were extracted and the assay for conjugated dienes was performed as described above for the in vivo iron-overload studies. Conjugated dienes are expressed as the change in absorbance at 230 nm/mg of lipid of the treated homogenates compared with the respective controls.
Tissue iron. Liver nonheme iron concentrations were determined by the method of Torrance and Bothwell (27) and expressed as micrograms Fe/gram liver (wet weight).
Light microscopy. Blocks of liver were fixed in 10% neutral buffered formalin, dehydrated with a graded series of ethyl alcohol, and embedded in paraffin. 5-,gm sections were prepared and stained with hematoxylin and eosin. Perl's Prussian blue stain for trivalent iron was used to assess storage iron content (28 (Fig. 1) (Fig. 2) . Electron microscopy showed increased amounts of iron in the usual storage forms, namely crystalline ferritin and amorphous hemosiderin. There was no evidence of particulate or elemental iron (Fig. 3) . Rats that were used for experiments of microsomal lipid peroxidation achieved mean hepatic nonheme iron concentrations of 2,690±98 ug/g (n = 3) and 4,161±271 jsg/g (n = 6) after 28 and 44 d, respectively, while being fed the carbonyl iron-supplemented diet. Rats used for experiments of mitochondrial lipid peroxidation achieved mean hepatic nonheme iron concentrations of 3,231±367 ,ug/g (n = 3) and 4,216±218 ug/g (n = 6) after 28 and 44 d, respectively, while being fed the carbonyl iron-supplemented diet (Table II) .
Lipid peroxidation after iron overload in vivo
Parenteral FeNTA. No evidence of conjugated diene formation was detected in liver microsomal lipids from FeNTA-treated rats. There was no significant difference spectrum between treated and control rats between 220 and 275 nm (Fig. 4A) . The mean hepatic nonheme iron concentration for this group of ironoverloaded rats was 2,332±118 ug/g (Table I ). In contrast, mitochondrial lipids from FeNTA-At both iron concentrations the mean difference spectreated rats showed a significantly positive mean dif-tra showed peaks at 230 nm with a A absorbance at ference spectrum with a peak at 225 nm (Fig. 4D) . 230 nm of 0.142/mg lipid (P < 0.001) at the lower iron
The mean hepatic nonheme iron concentration for this concentration, and a A absorbance at 230 nm of 0.151/ group of iron-overloaded rats was 1,197±63 sg/g and mg lipid (P < 0.005) at the higher concentration the A absorbance at 230 nm (0.227/mg lipid) was (Table II) . highly significant (P < 0.001; Table I ).
In summary, increased lipid-conjugated diene forThere was no difference in UV absorbance between mation was detected in lipids from mitochondria at NTA and untreated controls. There was no evidence all three hepatic iron concentrations studied in both of conjugated diene formation in liver mitochondrial models of experimental chronic iron overload in vivo. lipids after the acute (24 h) administration of FeNTA In contrast, increased lipid-conjugated diene forma- (Table I) .
tion was detected in microsomal lipids only at the Dietary carbonyl iron. At a mean hepatic iron con-higher liver iron concentration achieved by dietary centration of 2,690 Ag/g, no evidence of conjugated carbonyl iron supplementation. Conjugated diene fordiene formation was detected in liver microsomal lip-mation was not observed in liver mitochondrial lipids ids from rats that had received the carbonyl iron-sup-after a single injection of FeNTA 24 h before death plemented diet (Fig. 4B) . However, at the higher mean (Tables I and II S_. _y _. 1F is la *' FIGURE 3 Electron microscopy of rat hepatocyte after dietary carbonyl iron. This electron micrograph is from a liver specimen from a rat that received the 2.5% carbonyl iron diet for 
DISCUSSION
These data presented above from two models of experimental chronic iron overload demonstrate the presence of lipid-conjugated dienes in both mitochondrial and microsomal lipids, and are consistent with the hypothesis that excessive hepatic iron induces lipid peroxidation in vivo. The demonstration of lipid-conjugated dienes in hepatic organelles extracted from liver homogenates subjected only to differential centrifugation is a direct measure of the occurrence of in vivo lipid peroxidation (23, 30) . That the conjugated diene formation did not occur in vitro after death under the influence of ambient tissue iron is demonstrated by the failure to induce the formation of conjugated dienes by exposing normal liver homogenates to varying amounts of either ionic-chelate (FeNTA) or protein-bound (ferritin) iron for periods of time similar to that needed to process the homogenates from iron-overloaded livers.
Parenteral administration of FeNTA resulted in moderate amounts of hepatic iron overload with iron deposition evenly distributed throughout the hepatic lobule in both parenchymal and reticuloendothelial cells. Lipid peroxidation was demonstrated only in mitochondria at a relatively low hepatic iron concentration. At a higher hepatic iron concentration no evidence of microsomal lipid peroxidation could be demonstrated in FeNTA-treated animals. In contrast, experimental chronic iron overload produced by dietary FIGURE 2 Light microscopy of rat liver after dietary carbonyl iron. These photomicrographs (Perl's Prussian blue stain for trivalent iron) are of liver tissue from a rat that had been fed the 2.5% (wt/wt) carbonyl iron diet for 44 d. A liver nonheme iron concentration of 3,927 g/g was achieved. At the lower power (X100, top) increased iron deposition is seen in a periportal distribution. At the higher power (X450, bottom) iron can be seen primarily in hepatocytes with some in Kupffer cells. Other investigators have measured ethane and pentane evolution in breath as indicants of in vivo peroxidative breakdown of lipids in conditions of parenteral iron overload (34) (35) (36) . However, in these experimental circumstances it is not possible to determine the specific sites of lipid peroxidation, nor is it clear to what extent overproduction or diminished metabolic elimination contribute to the increased rate of appearance of these exhaled alkanes (37) .
Another mechanism whereby chronic iron overload may cause hepatocellular injury is that due to diminished lysosomal membrane integrity, which has been demonstrated in liver biopsy tissue from patients with hereditary and secondary hemochromatosis (8) . The way in which lysosomal membranes are disrupted in iron overload states is unknown and whether the disruption comes from within the lysosome (perhaps caused by some toxic effect of excess hemosiderin) or from a biochemical process such as lipid peroxidation initiated by iron within the cytosol remains to be elucidated. We recognize that our mitochondrial fractions may have some lysosomal contamination because of the known difficulties in preparing pure fractions of mitochondria (20, 38) , and this may be a factor in demonstrating evidence of iron-induced lipid peroxidation in these organelles. However, Arborgh et al. (39) have demonstrated in iron-overloaded rat liver that the lipid content of mitochondria is -100 times that of lysosomes (4.04 mg phospholipid/g liver in mitochondria vs. 0.056 mg/g in lysosomes), suggesting that the contribution of lysosomes to the lipid component of our mitochondrial fraction was minimal and could not generate sufficient lipid-conjugated dienes to account for the positive mean difference spectra that we observed. Therefore our data demonstrate that mitochondrial membranes have undergone peroxidative decomposition in vivo, although we cannot exclude some small contribution from lysosomal membrane lipids in the overall degradation process.
Our findings support the hypothesis that iron-induced membrane lipid peroxidation occurs in vivo in chronic hepatic iron overload. Iron-induced peroxidative damage may occur via a number of possible mechanisms. In conditions of iron overload, the ability of the hepatocyte to maintain iron in the nontoxic protein-bound ferric state may be exceeded, resulting either in small amounts of ferrous iron or in excessive amounts of low molecular weight chelate iron in the cytosol (40) . Iron in these forms may play a role in the generation of free hydroxyl radicals (OH -) by catalysing the reaction of superoxide radical (°-O) with hydrogen peroxide (H202). This iron-dependent reaction has been postulated as a feasible mechanism of hydroxyl radical-induced lipid peroxidation in vivo (41, 42) . Alternatively, it has been suggested that free ferrous iron can serve as a direct initiator of membrane peroxidation (18 
